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Abstract 

We demonstrate continuous tuning of the squeezing level generated in a double-ring optical 
parametric oscillator by externally controlling the coupling condition using electrically controlled 
integrated microheaters. We accomplish this by utilizing the avoided crossing exhibited by a pair 
of coupled silicon nitride microring resonators. We directly detect a change in the squeezing level 
from 0.5 dB in the undercoupled regime to 2 dB in the overcoupled regime, which corresponds to 
a change in the generated on-chip squeezing factor from 0.9 dB to 3.9 dB. Such wide tunability in 
the squeezing level can be harnessed for on-chip quantum enhanced sensing protocols which require 
an optimal degree of squeezing. 
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Squeezed states of light [T] are an important resource for a wide range of applications 
such as quantum-enhanced sensing [2], spectroscopy OS] and metrology 0 0, as well as 
for quantum information processing in the continuous variable regime laiH]. Generation of 
squeezed light was hrst reported in the seminal experiments of Slusher et al. using atomic 
vapors in an optical cavity 0. The workhorse for generating squeezed light for the past 
three decades has been the optical parametric oscillator (OPO), both below [101 E] and 
above threshold [lain]. An OPO typically consists of a second- or third-order nonlinear 
medium placed in a cavity na. The degree of squeezing generated by the OPO, dehned as 
the quantum noise reduction below the shot noise level, depends on the ratio of the coupling 
loss out of the cavity to the total loss [ISIIIE]. 

It is essential to control the squeezing factor for applications such as quantum enhanced 
optical phase tracking and for the generation of Schrodinger cat states ra A large degree 
of squeezing in one held quadrature is inevitably concomitant with a large anti-squeezing 
in the orthogonal quadrature, which increases the phase estimation error [T8l [19]. As an 
example, Yonezawa et al. reported a theoretically optimum degree of squeezing of around 
7 dB for pure squeezed states, which reduces to ~3.5 dB when unavoidable experimental 
imperfections such as losses and hnite bandwidths are taken into account [Hj. The effect of 
anti-squeezing in the orthogonal quadrature is signihcant for phase tracking since it involves 
detecting large excursions in phase space from the mean value of the signal. This is in 
contrast to other sensing applications where one is measuring small huctuations about a 
large mean value. A tunable squeezing factor is also required to generate optical Schrodinger 
kittens or cats depending on the size of the desired cat state dllEO]. 

Conventional OPO cavities limit ns to a fixed degree of squeezing, since they are usually 
made of discrete mirrors with a fixed reflectivity or using microresonators with a certain 
coupling. The coupling condition can in principle be modified by changing the mirrors, but 
this is a cumbersome process, especially for the monolithic cavities used to achieve strong 
squeezing [211 E2|, where the mirror coatings are deposited directly on the nonlinear crystal. 
More recently, tapered hbers [23| and diamond prisms [niEii have been used to control the 
evanescent coupling to whispering gallery mode microresonators, but this requires precise 
experimental control of the coupling gap at the tens-of-nm level. Note that the degree of 
squeezing below the oscillation threshold can be changed by varying the pump power [2S1ES] • 
However, above threshold, the degree of squeezing in the intensity difference is independent 
of the pump power. Another way to tune the squeezing factor is to variably attenuate a 
highly squeezed state, but this method is inefficient since it requires a large power to generate 
the initial highly squeezed state. 

In this article, we demonstrate continuous tuning of the degree of squeezing based on 
our previous demonstration of optical squeezing in a fully integrated silicon nitride OPO 
[27] . The Si 3 N 4 OPO |2H] operates based on the third order nonlinear process of four-wave 
mixing (FWM), which generates quantum correlated signal and idler “twin” beams when 
excited by a pump laser [27]. Specihcally, the noise in the intensity difference between the 
twin beams is reduced below the shot noise level, and this reduction or squeezing factor, 
above the oscillation threshold, can be quantihed as pnEaHEsi, 

‘ 

where S{Q) is the intensity difference noise normalized to the shot noise level at a sideband 
frequency G; rjc is the coupling efficiency, i.e. the ratio of the coupling loss to the total 
(intrinsic -|- coupling) loss; rja is the detection efficiency, which takes into account the losses 
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from the chip to the detector as well as the nonideal quantum efficiency of the detectors; and 
Tc is the photon lifetime in the cavity. We reported 1.7 dB of intensity difference squeezing 
in our previous work using a single ring resonator [27]. 

The tuning of the degree of squeezing is achieved here by externally controlling the 
coupling efficiency of a double-ring system. Our device consists of two coupled microring 
resonators, each with a radius of 115 pm, as shown in Fig. [^a). One of the rings, Rl, is 
coupled to a bus waveguide to launch light into the double ring system, while the second 
ring, R2, is coupled only to Rl. By changing the offset between the resonance frequencies 
of Rl and R2, one can control the fraction of light in each ring and hence induce strong 
changes in the coupling condition of the double ring system to the bus waveguide. It should 
be noted that coupled cavity systems have been explored in various applications such as 
heralded single photon sources [HU |32] , coupled-resonator-induced transparency [33| , four- 
wave mixing and frequency comb generation [HUH?]. Here we utilize a coupled two-cavity 
system to tune the generated squeezing factor. 


(a) (b) 



Wavelength [nm] 

FIG. 1. (a) Optical microscope image of the coupled double-ring system used to tune the degree 
of squeezing, (b) Optical spectrum analyzer scan of the pump, signal and idler modes. 


Our device uses microheaters integrated on double rings to thermally control the coupling 
efficiency rjc between the rings and the bus waveguide and consequently tune the degree of 
squeezing. The rings were fabricated on 950 nm thick Si 3 N 4 films grown using low-pressure 
chemical vapor deposition (LPCVD), with 4 pm of thermal oxide as the substrate. Trenches 
were defined in the wafer to mitigate stress-induced crack propagation in the nitride film, 
as described in [HE]- The 1500 nm-wide waveguides were patterned with electron-beam 
lithography using ma-N 2405 resist on a JEOL 9500 system. Both rings have 6 pm wide 
platinum heaters which can be independently controlled to tune the resonance wavelength 
of the rings by the thermo-optic effect. To minimize losses caused by interaction of the 
optical modes with the platinum layer, the heaters and contacts were fabricated more than 
2 pm above the Si 3 N 4 layer. By thermally tuning the resonance wavelength of the double 
ring system to the pump laser at 1561.1 nm, bright signal and idler beams were generated 
at 1544.1 nm and 1578.5 nm, as shown in Fig. [^b). 

The double ring system exhibits an avoided crossing when the heaters on Rl and R2 are 
tuned to match the resonance wavelengths of the system to the fixed laser wavelength, as 
shown in Fig. [^a). For these measurements, the input power coupled into the waveguide is 
kept below 5 pW to minimize thermal shift of the resonances due to the circulating optical 
power in the rings. From the top-view infrared (IR) camera images, we clearly see that the 
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FIG. 2. (a) Avoided crossing of the two-ring system, as the microheaters on the rings R1 and R2 
are tuned to observe resonances at the fixed pump wavelength. The solid lines are fits to Eq. 
From the top view IR images it is clear that light is initially localized in R2 and switches gradually 
to R1 as one tunes from one side of the avoided crossing to the other, (b) Coupling efficiency r]c 
vs. the power on the R1 heater, for the lower red branch of the avoided crossing. 

supermode of the double ring system undergoes a transition from being primarily localized 
in R2 to being localized in Rl, for the lower red branch of the crossing. The solid lines in 
Fig-i a) are fits to the analytical expressions for the eigenfrequencies of the supermodes, 


, f ^^1 -^^ 2 ^ , 2 

V1^—j 

where cji and u )2 are the resonance frequencies of the two rings Rl and R2, in isolation, and 
Ki 2 represents the coupling coefficient between the rings. For the remainder of this paper, we 
choose to focus on the lower red branch, although similar tunable coupling efficiencies were 
also observed for the upper branch. Note that avoided crossings have been reported between 
the transverse electric (TE) and transverse magnetic (TM) resonance wavelengths of a single 
ring resonator in the context of comb generation j39] . On the contrary, our design explicitly 
uses the fundamental TE modes of two coupled rings to generate tunable squeezing. 

We observe a continuous change in the coupling efficiency ric between the double-ring 
system and the bus waveguide from 10% to 70% when tuning the heaters from one side 
of the avoided crossing to the other, as illustrated in Eig. [^b). The coupling efficiency is 
determined from the normalized on-resonance transmission minimum: rjc = {li: \/^mm)/2, 
where the -|- and - signs represent overcoupled {rjc > 0.5) and undercoupled {rjc < 0.5) 
regimes respectively. The maximum rjc is limited by the coupling coefficient of the bus 
waveguide to Rl. This change in coupling can be intuitively explained by looking at the 
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supermodes of the two-ring system. The mode on the blue-detuned side of the avoided 
crossing has a weaker overlap with the bus waveguide than the mode on the red-detuned 
side, and hence the coupling efficiency increases as one moves from the blue-detuned side of 
the avoided crossing to the red-detuned side. 



FIG. 3. Experimental setup. EDFA: erbium doped fiber amplifier. BPF: bandpass filter. VI, V2: 
voltages applied to the microheaters on rings R1 and R2. BS: 1% beam sampler, anti-reflection 
coated on one surface. Ml, M2: mirrors. OS A: optical spectrum analyzer. 

The experimental setup used to generate and detect tunable squeezing is depicted in 
Fig- m and is similar to Ref. 123. The rings are pumped by a low-noise single-frequency 
RIO Orion laser with a narrow linewidth < 3 kHz m- Etched facet inverse tapers are 
used to efficiently mode match the lensed fiber to the input of the waveguides [H]. The 
output of the chip is collected with an anti-reflection (AR) coated, high NA (NA = 0.56) 
aspheric lens to minimize losses to less than 0.7 dB. Electrical probes are used to apply 
voltages VI and V2 to the contacts of the heaters on each of the two rings R1 and R2, 
respectively. A diffraction grating with an efficiency of 85% spatially separates the pump, 
signal and idler beams. The signal and idler beams are directed to the two arms of a balanced 
detection system (Thorlabs PDB450C-AC), which consists of a pair of InGaAs photodiodes 
with a quantum efficiency of 80%, followed by a low-noise transimpedance amplifier with 
a bandwidth of 4 MHz and a gain of 10^ V/A. The difference of the photocurrents is sent 
to an rf spectrum analyzer to measure the noise in the intensity difference between the two 
beams incident on the detectors. About 1% of the output of the chip is sampled using a 
wedged beam sampler and sent to an optical spectrum analyzer (OSA) to monitor the onset 
of parametric oscillation. 

We demonstrate a squeezing factor tunable from 0.5 dB in the strongly undercoupled 
regime to ~2 dB in the overcoupled regime. In Eig. |^a), we plot the directly measured 
squeezing (red) in the intensity difference between the signal and idler beams, as a function 
of the coupling efficiency. Each data point in Eig. |^a) was obtained from time traces of 
the kind shown in Eig. |^b). The shot noise level was independently calibrated by splitting 
the pump on a 50:50 beam splitter and showed a linear dependence with optical power, as 
expected from theory. All measurements were taken at a sideband frequency of f2/27r = 3 
MHz, using a spectrum analyzer with a resolution bandwidth (RBW) of 30 kHz and a video 
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bandwidth (VBW) of 100 Hz. By accounting for the overall detection efficiency of 60%, 
we infer that the generated on-chip squeezing factor can be tuned from 0.9 ± 0.4 dB to 
3.9 ± 0.3 dB. The measured and inferred squeezing levels match reasonably well with the 
predictions of Eq. [T] for rja = 60% and rjd, = 100% respectively. 



FIG. 4. (a) The measured off chip squeezing (red) and inferred on-chip (green) squeezing levels 
are plotted for various rjc- The data fit well to theoretical predictions based on the coupling and 
detection efficiencies (solid lines). Each data point in (a) is derived from time traces of the intensity 
difference noise, an example of which is shown in (b). (b) A time trace of the measured squeezing 
at a sideband frequency of H/27r = 3 MHz (RBW: 30 kHz, VBW: 100 Hz). The dark noise is at 
-81 dBm. 

The largest squeezing factor measured in our experiment was restricted by the maximum 
coupling efficiency of 70% that can be achieved in the current device. By using devices 
with a smaller coupling gap between the bus and Rl, this factor could be increased even 
further. On the other hand, the smallest squeezing level that could be reliably resolved was 
limited by the fluctuations in the time traces of the intensity difference noise. The minimum 
detectable squeezing can in principle be reduced by video averaging or by using a smaller 
resolution bandwidth, but this increases the data acquisition time and would require greater 
long-term stability in the operation of the OPO than was possible in the setup. 

In summary, we have introduced a technique to continuously change the degree of squeez¬ 
ing generated in an OPO by inducing strong changes in the coupling condition through inte¬ 
grated thermal tuning. This technique can pave the way for on-chip realization of quantum- 
enhanced sensing protocols where an optimal degree of squeezing is necessary for attaining 
the maximum allowed sensitivity. The method demonstrated here can be extended to various 
on-chip platforms such as aluminum nitride, silica, diamond and silicon in which FWM oscil¬ 
lation has been reported [mg. Specifically, in aluminum nitride, the non-vanishing second 
order nonlinearity can enable fast electro-optic tuning of the coupling condition through the 
Pockels effect [10], as opposed to the slower thermal response of the microheaters used in 
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the present work. More generally, the concept of externally tuning the effective coupling 
coefficient by utilizing supermodes of a multiple-cavity system finds applications in several 
areas of classical and quantum optics. For example, it can be used to tune the conversion 
efficiency and bandwidth of frequency comb generation [47]. Thus, coupled resonators are 
a useful tool to control nonlinear processes and the resultant nonclassical states of the light 
field generated in them. 
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